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Abstract

This research presents an innovative protection strategy tailored for
centralized DC microgrids specifically designed for base transceiver
stations (BTS). The method leverages the similarity in the rate of
current change measured simultaneously at both ends of a line segment
to detect internal faults effectively. The approach addresses key
challenges in microgrid protection including the detection of high-
resistance faults, distinguishing between permanent and transient fault
conditions, and safeguarding critical components such as loads,
photovoltaic arrays, and batteries. It also considers the resilience of the
system in the event of failures in line sensors and circuit breakers. Unlike
conventional protection schemes that depend heavily on both voltage
and current measurements, the proposed system offers a cost-efficient
alternative. It operates with a single centralized intelligent electronic
device (IED) overseeing the entire microgrid, complemented by only one
current sensor installed at each end of every line segment. This
streamlined configuration simplifies hardware requirements without
compromising detection accuracy. The reliability and effectiveness of
the protection mechanism have been rigorously validated through
comprehensive simulations conducted in MATLAB/Simulink. The tests
encompassed both internal faults within the microgrid and external
fault scenarios, demonstrating robust performance under various
operational conditions. This work contributes to advancing protection
schemes for DC microgrids, which are increasingly pivotal for
sustainable and efficient energy management in telecommunication
infrastructure. It aligns with contemporary trends and challenges in
microgrid protection, emphasizing economical design and dependable
fault management.

Keywords: Central protection, Cosine similarity index (CSI), DC
microgrid, High resistance, BTS.
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Bu aragstirma, ozellikle baz istasyonu verici/alicilart (BTS) igin
tasarlanmis merkezi DC mikro sebekelere yonelik yenilik¢i bir koruma
stratejisi sunmaktadir. Yéntem, bir hat kesitinin her iki ucunda ayni
anda élgtilen akim degisim oranindaki benzerlikten yararlanarak dahili
arizalarin etkin bir sekilde tespit edilmesini saglamaktadir. Yaklasim,
mikro sebeke korumasindaki temel zorluklara ¢éziim getirmektedir;
bunlar arasinda yiiksek direngli arizalarin tespiti, kalici ve gegici ariza
durumlarinin ayirt edilmesi, yiikler, fotovoltaik diziler ve bataryalar
gibi kritik bilesenlerin korunmasi yer almaktadir. Ayrica hat sensérleri
ve devre kesicilerde meydana gelebilecek arizalar karsisinda sistemin
dayanikliigint  da dikkate  almaktadir.  Geleneksel — koruma
yéntemlerinin hem gerilim hem de akim délgtimlerine yogun bigcimde
bagimli olmasinin aksine, dnerilen sistem maliyet agisindan verimli bir
alternatif sunmaktadir. Ttim mikro sebekeyi denetleyen tek bir merkezi
akilli elektronik cihaz (IED) ile calismakta, her hat kesitinin yalnizca iki
ucuna birer akim sensérii yerlestirilmesi yeterli olmaktadir. Bu
sadelestirilmis yapi, donanim gereksinimlerini basitlestirirken tespit
dogrulugundan 6diin vermemektedir. Koruma mekanizmasinin
gtivenilirligi ve etkinligi MATLAB/Simulink ortaminda gerceklestirilen
kapsamli benzetimlerle titizlikle dogrulanmistir. Testler hem mikro
sebeke icindeki dahili arizalart hem de harici ariza senaryolarini
kapsayarak cesitli isletme kosullarinda gii¢lii bir performans ortaya
koymustur. Bu ¢alisma, telekomiinikasyon altyapisinda stirdiiriilebilir
ve verimli enerji yénetimi icin giderek daha kritik hale gelen DC mikro
sebekeler icin koruma semalarinin  gelistirilmesine  katkida
bulunmaktadir. Calisma, mikro sebeke korumasindaki giincel egilimler
ve zorluklarla uyumlu olup ekonomik tasarim ve giivenilir ariza
yénetimini vurgulamaktadir.

Anahtar kelimeler: Merkezi koruma, Kosiniis benzerlik endeksi, DC
mikro sebeke, Yiiksek direng, BTS.

1 Introduction

Microgrid technology has rapidly evolved as a crucial solution
for ensuring uninterrupted and sustainable power supply,
particularly for remote and critical infrastructures like
telecommunication base transceiver stations (BTS). BTS, which
increasingly rely on hybrid DC microgrids for sustainable
operation, present unique protection challenges that existing
AC-derived solutions fail to address adequately [1]-[3].

DC microgrids have garnered attention due to several inherent
advantages over their AC counterparts. Their compatibility
with DC-based renewable resources such as photovoltaic
arrays and batteries eliminates the need for multiple power

*Corresponding author/Yazisilan Yazar

conversions, thereby improving system efficiency and
simplifying control [4]-[6]. This makes DC microgrids
especially suitable for telecom applications, where power
quality and reliability are paramount [7],[8].

However, protection of DC microgrids is more challenging than
traditional AC systems. Unlike AC systems, DC lacks a natural
current zero crossing, which complicates fault detection and
clearance. Consequently, rapid and accurate fault diagnosis is
essential to prevent damage to sensitive equipment and
minimize service interruptions [9],[10]. Protection limitations
in non-unitary methods (overcurrent, impedance-based) lack
selectivity during load fluctuations [11]-[13] and in unitary
methods (differential protection) fail for high-resistance faults
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(Rf = 0.80) [14]-[16]. Existing protection approaches often
require multiple sensors and rely on both voltage and current
measurements, increasing system cost and complexity
[11],[13].

There is a pressing need for a protection strategy that
minimizes hardware while ensuring fast, selective, and reliable
fault detection. Centralized protection schemes have shown
promise in this regard, as they can leverage communication
capabilities within the microgrid to optimize sensor use and
fault analysis [12],[17].

This study introduces a centralized protection method for DC
microgrids supporting BTS, which uses current sensors only at
the ends of line segments. By employing cosine similarity to
compare the rate of current change at both ends, the scheme
effectively ~distinguishes internal faults from external
disturbances. Furthermore, it differentiates permanent faults
from transient ones, enabling timely reconnection after
temporary faults and reducing unnecessary outages. The
current of each DC microgrid line segment is transmitted to a
central IED. Using data from adjacent line sections, the central
IED overcomes the failure problem from each location and
accurately generates the operating signal for the corresponding
circuit breaker on the fault section. The performance results of
the proposed method are simulated for different cases,
including high resistance faults, in MATLAB/Simulink
environments.

This approach aligns with telecom operators' needs for
resilient, maintenance-friendly protection systems while
accommodating future expansions like 5G power infrastructure
and vehicle-to-grid integration [2],[8].

In continue in section 2 scientific foundation is explained. The
network, challenges, and solutions are introduced in 3
simulations are shown in 4 And finally results are explained in
1.

2 Scientific foundations

Waveform similarity analysis employs several computational
techniques to quantify signal correspondence. Among these,
three principal methodologies are widely implemented:
Pearson's product-moment correlation, Euclidean norm
comparisons, and cosine similarity assessment [18]. The
cosine-based approach demonstrates particular advantages for
power system applications due to its amplitude invariance and
superior fault detection precision [19]. This vector analysis
technique evaluates waveform likeness through angular
relationships rather than magnitude differences.

The mathematical basis originates from vector dot products.
For two measurement vectors ¥ and y, their dot product is
calculated as:

Xy =X XY = X1V T XYz + o+ Xy 1

This scalar operation enables subsequent similarity
assessments. The geometric interpretation relates this product
to vector magnitudes and their included angle:

Xy =Xl x Iyl cos(8) = ¥l x %]l cos(6) (2)

From this fundamental relationship, we derive the cosine of the
angle between vectors:
2y

cosine similarity (CS) = cos(0) = EPTE (3)

Equation (3) can be used to calculate the value of the cosine of
the angle between two vectors, indicating the measurement of
the direction instead of the value (magnitude).

In addition to the angle between two vectors, the cosine
similarity relationship also shows the similarities between
vectors (direction). Considering the two vectors X and Y, the
cosine similarity between them is calculated from Equation (4).

cs = XY _ Yi=1(XiYi)

KIIYE™ on ez [sm e (4)

Basically, CS shows the relative orientation of the vectors and is
independent of their magnitude. CS € [—1,1], where
CS = 1indicates that both vectors are in the same direction and
CS = —1 indicates that they are in the opposite directions. CS
value for two orthogonal vectors is zero, indicating zero
similarity [20]. These are shown in Figure 1.
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Figure 1. Direction diagrams for different vectors.
(a): Two vectors with the same direction (6 = 0°).
(b): Two vectors with the same direction (0° < 8 < 90°).
(c): Two vectors with opposite directions (§ = 180°), d) Two
vectors with opposite directions (90° < § < 180°) [21].

Given the above explanation, the cosine similarity algorithm
can effectively measure the similarity of two independent
vectors. The cosine similarity describes the angle between two
vectors, indicating the difference in direction rather than
location and size [21]. Figure 2. shows the flowchart of the
cosine similarity algorithm.
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Figure 2. Performance of cosine similarity algorithm.
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3 The network, challenges, and solutions

The study focuses on a 48V DC microgrid system with 3.5 kW
capacity designed for BTS applications. As shown in Figure 3,
the system architecture integrates multiple critical components
including photovoltaic generation through DC-DC boost
converters, energy storage via bidirectional DC-DC converters,
grid interconnection using voltage source converters (VSC),
and dedicated loads for 3G (0.48 kW) and 4G (3.024 kW)
telecommunications equipment.

During standard operation, the microgrid preferentially utilizes
local PV generation, resorting to main grid power only during
production deficits. The system operates in two distinct modes:
islanded mode where battery converters maintain voltage
stability by balancing production and demand, and grid-
connected mode where the VSC regulates voltage at the point of
common coupling (PCC).

The protection system builds upon the framework established
in [10], implementing zone-based protection with solid-state
circuit breakers (SSCBs) defining each section. A centralized
intelligent electronic device (IED) provides comprehensive
system monitoring, supported by dual-ended current
measurement for precise fault detection and localization. This
configuration introduces several key enhancements to the
baseline architecture.

Critical innovations include advanced fault persistence analysis
using auto reclosing with waveform reevaluation to distinguish
transient (under 2ms) from permanent faults, along with
component-specific protection mechanisms for PV arrays,
battery banks, and telecom loads. The system provides
complete fault coverage for both line-to-line (L-L) and line-to-
ground (L-G) faults across all impedance conditions, from low-
impedance (Rf < 0.8Q) to high-impedance (Rf < 0.8Q)
scenarios.

Protection logic employs a hierarchical decision-making
process beginning with initial fault detection through
disturbance index thresholding, followed by fault zone
identification via current waveform correlation. The system
then verifies fault persistence before initiating breaker

operation and activates specialized component protection
when faults occur outside line segments. This comprehensive
approach effectively addresses the transient fault handling and
distributed energy resource (DER) protection limitations noted
in [10], while maintaining full compatibility with existing
microgrid control systems.

3.1

DC microgrids demonstrate unique fault behaviors under low-
impedance conditions due to their minimal line resistance.
When faults occur, the rapid discharge of converter capacitive
elements generates extremely steep current surges (di/dt >
5000 A/ms) within sub-millisecond timeframes [9],[22].
These severe transients can drive system voltages beyond
operational limits, exceed the rated capacity of semiconductor
devices in power converters, and sustain dangerous arcing
conditions that lack natural current zero-crossings. Fault
currents typically reach magnitudes 8-10 times greater than
nominal values, creating two significant protection challenges
that must be addressed.

Low impedance faults

The first challenge involves detection sensitivity, where current
derivatives provide rapid response times (< 100 us) but local
measurements alone cannot determine fault location precisely,
requiring supplemental communication for accurate zone
identification [10]. The second challenge relates to arc
interruption complexity, as sustained DC arcing damages
contacts and necessitates forced current zero techniques along
with ultra-fast solid-state breakers for effective protection.

Modern protection solutions address these challenges by
combining several approaches. Local current derivative
monitoring (Equation (3)) works in conjunction with
centralized differential protection and directional current
analysis to achieve both speed and selectivity in fault detection.
This integrated hybrid approach maintains system security
during 115% overload conditions while reliably detecting
faults within 0.5ms [10], providing comprehensive protection
against the unique challenges posed by low-impedance faults in
DC microgrids.
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Figure 3.

The simulated DC microgrid circuit related to BTS.
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3.2 High impedance faults

High-impedance ground faults (Rf = 0.8 Q) create distinctive
diagnostic challenges for DC microgrid protection systems,
particularly when occurring through indirect paths such as
vegetation contact or human exposure. These faults generate
relatively low currents below the system's 72.9A nominal
rating (for the 3.5kW/48V test configuration), leading to
several complex detection issues that conventional protection
methods struggle to address effectively.

The primary challenge stems from signal ambiguity, where
fault currents in the 10-50A range closely mimic normal system
behavior including load variations from 3G/4G traffic spikes,
scheduled equipment cycling, and fluctuations in renewable
generation output. This similarity makes reliable fault
identification particularly difficult. Conventional protection
schemes face significant limitations in these scenarios, as
differential current (I4;rs) becomes undetectable below the
0.8 Q threshold (Figure 4), directional relays cannot reliably
identify phase angle shifts, and overcurrent elements fail to
distinguish between actual faults and normal load variations in
the 86-115% range.

——Idiff - - -Threshold

50
40
« 30
=20
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01 02 03 04 05 06 0.7 08 09 1
Fault resistance (Q)

Figure 4. Current difference along a high resistance internal
fault.

Further complicating detection is the waveform distortion
characteristic of DC systems, where the absence of natural zero-
crossings combines with non-linear arc behavior and
intermittent fault contact to produce erratic current signatures
that traditional protection algorithms cannot interpret reliably.
These distorted waveforms often confuse conventional
protection schemes, leading to either failure to operate or
unnecessary tripping.

To overcome these challenges, the proposed protection
strategy implements several advanced techniques. Dynamic
adjustment of the Cosine Similarity Index (CSI) thresholds
(Equation (4)) allows for sensitive detection across varying
fault conditions. The system employs multi-variable waveform
correlation analysis to distinguish genuine faults from normal
system transients, supplemented by sequential fault
verification logic to confirm fault persistence before initiating
protective actions. This comprehensive approach maintains
reliable operation while addressing the unique

difficulties posed by high-impedance faults in DC microgrid
environments.

To address these protection challenges, we have developed a
centralized system that analyzes current waveform
correlations in DC microgrids, providing accurate
discrimination between low-impedance faults (Rf < 0.8Q)

and high-impedance faults (Rf = 0.8(). The system is
specifically designed for 48V DC microgrid configurations with
a 3.5kW power capacity and 72.9A nominal current rating.

The protection scheme establishes a high-resistance fault
threshold at 0.8 Q, which is carefully determined based on the
system's electrical characteristics where 72.9 A corresponds to
a 0.65Q equivalent resistance. This threshold setting
incorporates a 23% safety margin above the theoretical 0.65 ()
value to ensure reliable operation. The classification
methodology identifies any fault that reduces current below the
72.9A nominal rating (Rf > 0.65Q) as a high-resistance
condition.

Central to the system's operation is its advanced current
similarity analysis, which enables consistent fault detection
across the full spectrum of possible fault impedances. This
analytical approach examines waveform correlations to
distinguish between different fault types while maintaining
protection reliability during normal system operation. The
0.8 Q1 threshold serves as a critical demarcation point in the
protection logic, separating the detection and response
strategies for low-impedance and high-impedance fault
conditions.

4 Simulation

The simulated microgrid model (Figure 3) incorporates distinct
protection zones, with current measurements transmitted from
sensors on both ends of the line to the IED. Based on this data,
the IED issues appropriate protection command to each zone.
To analyze fault behavior (as illustrated in Figure 5), various
fault scenarios are intentionally introduced within the network.

Building on the framework established in [10], this study
examines fault detection and classification in the microgrid
(Figure 3}) (Section 4.1), focusing on both internal and external
faults through current value analysis (Section 4.2)and
protection performance evaluation using the CSI (Section 4.3).
A critical aspect of this work involves distinguishing transient
faults from permanent faults, which is essential for ensuring
reliable microgrid operation. Additionally, the protection
strategies for key components-including loads, PV arrays,
batteries, and other critical equipment are thoroughly analyzed
to ensure robustness under fault conditions. Finally, the
proposed algorithm for integrated fault management is
presented, offering a comprehensive solution for microgrid
protection.

4.1 High fault detection

The protection system employs a disturbance index (Di) to
identify faults using current measurements from line sensors.
The index is computed as:

1

Di= NXAt X (Zgzlli‘rwl - inl) (5)

The disturbance index (Di) is computed from current
measurements obtained by the IED's sensors, where i,
represents the current value at the n* sampling instant. With
four samples acquired within a 1ms window (N=4) and At
denoting the sampling interval, the index calculation considers
only the absolute values of current differences to monitor
magnitude variations. A fault is confirmed when Di exceeds the
threshold ¢, which is derived from the predetermined condition
that the sum of four consecutive current differences equals 5A.
This threshold value is calculated as:
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Figure 5. The simulated DC microgrid and the location of faults F; and F, of high impedance type and F; of low impedance type.

1
NxAt

1X5 _

4x250x10-6 5000 A/S (6)

{= X ENzaling = i) =
The selection of ¥N_,liy1; —in] = 5A ensures secure IED
operation, with the system remaining in normal state when the
measured disturbances stay below this threshold. The absolute
value operation in Equation (5) serves to eliminate directional
dependence, focusing solely on the magnitude of current

changes for reliable fault detection.

It is worth noting that the disturbance index increases even for
load change or any other switching phenomenon.

4.2  Current values during internal and external fault

The protection scheme examines current directional
characteristics to discriminate between internal and external
faults within the microgrid. For internal faults occurring at
busbar b, the transient response of line current iy, during fault
condition F; can be modeled through the RLC network
representation:

Vap(©), .
L, +ipc(0)

ipc(s) = 2R, 1 (7)

54+
L1 L1Cqp

where Vy;,(0) is the voltage across the capacitor Cg;, in busbar
b, and i,.(0)is the current passing through L; of the DC line at
the moment of the fault. The current fault component in the
time domain can be expressed as follows:

F1py — _ Vap(0) —myt _ ,—myt ipc(0) —myt _

tbe (t) - Li(my-my) (€ ) e ’ ) + my—my (mze ’ (8)

mse —mlt)

In Equation (8), its parameters are defined as follows:

m = —a;, + ’af - w?

my =—a; — _[a? — a)g 9)
4 =oL

W = 1 _ (ﬁ)z
! LiCqp 2Ly
wy =+ a? + w?

The time derivative of Equation (8) fort = 0% at the moment
of the fault is as follows:

el = Y0 — 2, (0) (10)
The relationship described in Equation (10) demonstrates that
the magnitude of current variation is fundamentally dependent
on two key factors: the initial voltage conditions across the DC
capacitor and the pre-fault line current characteristics.
Applying these principles to busbar c¢ during an F; fault
scenario, the resulting change in line current can be quantified
as icp, as derived from the governing equations. This analysis
highlights the critical influence of pre-fault operating
conditions on fault current behavior in the system.

T = HeD) iy (0) (11)
For internal fault F;, the solutions to Equations (10) and (11)
yield positive values when evaluated against the conventional
current direction defined in Figure 5. In contrast, external fault
F, presents a distinct signature where these same equations
produce values of equal magnitude but opposite polarity, as
illustrated in Figure 5. During an F, fault event, the current
variations i, and i, exhibit specific behavioral patterns that
can be characterized as follows:

d(=ipc(t))  —dip(t)
dt Todt

—dip(t) Var(0) Ry,
dt - L, + L_l lbe (O)

din® _Vae® Rz o
dc L, L,

—dipe(t) _ dicp(t)

dt dt

(12)
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4.3 Protection performance based on cosine similarity
index (CSI)

The CSlis employed by the IED to perform protection functions.
To compute the CSI, current samples are collected from both
ends of the line over a 2 ms window, with measurements taken
at 0.25ms intervals. These samples are used to analyze the
currents i., and i, as follows:

v = dibc(t) _ ibc(ti+1) - ibc(ti)

i
dt tiv1 — b
X = average{x,, x5, ..., x7} =
dipe, di di
average {ﬂ,ﬂ, ﬂ} (13)
at ' dt dt

Y = average{y,,yz, ..., ¥7} =

dicbl dicbz dicb7}

T — T T
ave age{ o ar e

Using Equation (13), the CSI can be calculated as follows:

1 1
Xy ;Z;:lxn';zgzl Yn N1 Xn* Yn=1Vn

= —— 1 1 =
XIVT ~ ESims e Sama | [Zams %nllZhms Yol

CSI

(14)

Based on the analysis of internal and external faults, the CSI
yields distinct values corresponding to different fault
conditions:

+1,if, internal fault;

-1, if, external; (15)

CSIZ{

4.4 Protection of loads, PV array, and battery

When the protection system identifies an external fault
condition (CSI = —1) across all line segments, it initiates
specialized routines to locate faults within individual microgrid
components. The detection methodology varies for different
elements:

4.4.1 PV array protection

Faults in the PV subsystem are identified through directional
current monitoring at the converter interface. The algorithm
detects current reversals flowing toward the array instead of
the DC bus.

4.4.2 Detecting faults in microgrid loads

In the proposed protection scheme, given the use of the central
IED and with the help of adjacent sensors, the fault is detected.
In this way, we investigate the current data sent from the
sensors to the central IED, and if the received current increases
many times, the operation command is sent to the adjacent load
breakers. However, in some cases, this rise in current may be
due to a sudden increase in load current, requiring measures to
be taken to prevent the occurrence of incorrect operation. To
solve this problem, for the protection of loads, such as fixed
loads, there must be telecommunication posts at the entrance
of each post of a circuit breaker, and a current threshold is
required to be defined for the loads. Thus, a current threshold
is determined in case of disconnection or the addition of such
loads through circuit breakers for protection.

4421 Current threshold determination for load
protection

To reliably distinguish genuine fault conditions from normal
load transients-such as sudden variations in BTS traffic-a well-
defined current threshold I, is required. This threshold is
formulated using the rated load current /.44 and a safety
margin coefficient k:

Ien = k X Irgtea (16)

The coefficient k is selected to ensure that the protection
system remains secure during normal operational fluctuations
without compromising sensitivity to actual faults. In BTS
telecommunication applications, load current naturally varies
due to dynamic traffic patterns and equipment switching. These
fluctuations typically span from approximately 85% to 115% of
the nominal load current, reflecting conditions such as the
temporary disconnection or reconnection of a 3G
telecommunication post.

To prevent unnecessary or nuisance tripping, the threshold
factor must be set above the maximum expected normal
fluctuation. Accordingly, k = 1.25 is adopted, providing an
adequate margin beyond the upper bound of the observed
range (*115%). This additional margin also accounts for sensor
tolerances, measurement noise, manufacturing deviations, and
minor unmodeled transient behaviors that may appear during
normal operation.

The IED classifies an event as a fault only when the measured
current exceeds Iy, for a predefined minimum duration (e.g.,
several milliseconds). This criterion ensures selective and
reliable operation while maintaining robustness against
transient load variations inherent in BTS microgrid
environments.

4.4.3 Battery protection

In the DC microgrid, the current direction in the battery is
bidirectional. In case of a fault in the battery, the direction of the
current changes towards the battery, which is the same as when
the battery is being charged, causing a mistake in the protection
function. To prevent malfunction, a current threshold is defined
to protect the battery. When a fault occurs in the battery and
after being detected, the central IED sends the necessary
command to the circuit breaker of the battery line.

4.5 Distinguishing transient faults from the permanent
ones

In the presented protection scheme, by distinguishing transient
faults from permanent ones and separating them, an attempt is
made to reduce network outages due to temporary faults. The
detailed flowchart of the proposed protection scheme is
presented in Figure 6. As shown in the flowchart, after
distinguishing the fault in the microgrid and sending the
command to the circuit breakers, the circuit breakers are
reconnected, and the data received from the sensors is checked.
If the fault is fixed, the microgrid works normally; otherwise,
the function command is sent to the circuit breakers.

4.6 Comparative evaluation of the proposed CSI-Based
protection scheme

To strengthen the technical justification for the proposed
protection method, a comparative performance assessment is
presented in Table 1. The comparison benchmarks the CSI-
based centralized scheme against the most widely used
protection techniques in modern DC microgrids, including
overcurrent-based protection and differential protection. The
comparison emphasizes criteria that are fundamental for DC
microgrids, including operational speed, selectivity, sensitivity
to high-impedance faults, sensor requirements, and scalability.
The table below summarizes the key distinctions.
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DC Microgrid

Collect Currents data
from line segments to
IED

No Calculate Di using (6)

IsDi>{? No

Calculate CSI using
(15) and (16)

IsCSI =+17? No IsCSI=-1?

External fault
No trip signal to

Internal fault
Transient trip signal to
SSCB SSCB

No
Is the Fault Is the fault in
transient ? the load, PV array,
. battery ?
Yes No. Yes

No trip signal to

SSCB trip signal to SSCB

Figure 6. Diagram of the proposed protection algorithm.

As summarized in Table 1, the proposed CSI-based method
demonstrates  significant advantages over traditional
approaches. Unlike overcurrent protection, which struggles to
detect high-impedance faults and is highly sensitive to load
fluctuations, the CSI algorithm remains stable under 85-115%
load variations and accurately identifies internal faults even
when fault current magnitude is very small. Differential

protection provides higher accuracy but requires multiple
synchronized measurements and becomes unreliable when the
current difference falls below the detection threshold. In
contrast, the CSI method relies solely on waveform similarity
and does not depend on fault magnitude, enabling fast (<2 ms),
selective, and cost-effective protection for DC microgrids. This
makes it especially suitable for centralized telecom power
systems where communication, hardware cost, and scalability
are critical concerns.

Recent studies indicate a growing body of work on DC-
microgrid protection, particularly for converter-dominated and
low-voltage systems. Overcurrent relays remain the simplest
solution but continue to struggle with high-impedance faults
and load-induced transients in LVDC environments [25],[26].

Differential protection approaches improve selectivity but their
performance can degrade when terminal current differences
are small or when communication delays and synchronization
errors arise in multi-terminal systems [23]. Directional and
polarity-based techniques have also been studied; however,
their reliability may be reduced during fast switching and
voltage-distortion events caused by power-electronic
converters [25],[27].

In parallel, transient-, signature-, and machine-learning-based
schemes have been proposed to detect high-impedance and
subtle faults by exploiting waveform features, wavelet
coefficients, or classifier models; while effective, these
approaches often require high sampling rates, synchronized
measurements, or additional sensors that increase system
complexity [28],[29]. Recently, cosine-similarity and other
vector-similarity measures have been applied to transient
waveform segments and traveling-wave heads for fault
identification and localization, demonstrating strong
discrimination capability and robustness to amplitude
variations [30]-[32].

Taken together, these studies reveal a gap for a lightweight,
communication-efficient, and load-transient-immune
protection method tailored to 48-V telecom DC microgrids. The
CSI-based method proposed here addresses that gap by
comparing the directional similarity of di/dt waveforms at both
line terminals. The approach does not rely on instantaneous
fault magnitude, does not require voltage sensors or strict
measurement synchronization, and remains resilient under
normal load swings (*85-115%), providing fast (<2 ms),
selective, and cost-effective protection for telecom microgrids.

As summarized in Table 2, although the proposed CSI-based
protection method was demonstrated using a 3.5 kW/48 V
telecom test platform, the underlying mechanism is not tied to
any specific DC voltage level or system rating. Because CSI
evaluates the shape similarity of current waveforms rather than
their absolute magnitude, its detection behavior remains
consistent across different voltages, feeder lengths, and
microgrid capacities. The centralized IED architecture also
scales naturally to larger or more complex networks, with each
additional feeder contributing only one current channel and the
computational effort increasing linearly with system size.
Consequently, the strengths highlighted in Table 2. Robust
load-change immunity, low sensing requirements, and strong
disturbance tolerance-remain valid for all classes of DC
microgrids, including multi-node systems, distributed DC
networks, and DC substation environments.
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Table 1. Comparative performance of the proposed CSI-based method and contemporary protection approaches.

Directional / Other Unit Differential Protection Overcurrent Proposed CSI-Based Criterion
Methods [6],[23],[24] [19], [20] Protection [6], [7] Method
3-10 ms 2-5ms 10-50 ms <2ms Operating Speed
. . High (directional CSI - -
Medium High Low-Moderate - Selectivity Under Load Variations
comparison)
Fails when Al < Strong (magnitude- . e
Poor-Moderate threshold Weak independent similarity) High-Impedance Fault Sensitivity
2-3 4-6 seglesgtriirp])er line 1 current sensor 2 current sensors per line Sensor Requirement
Medium High None Moderate (central IED) Communication Dependence
. . High (stable CSI under Immunity to Load-Induced
Medium Medium Low 85%-115% load swings) Transients
Moderate Low-Medium Medium High Scalability to Multi-Node Systems

Table 2. Comparative evaluation of the proposed CSI-based protection method and selected recent DC-microgrid.

Adaptive droop / derivative Wavelet + singular value

based [33] resistance fault (HRF) [34]

Short-time Fourier
decomposition (SVD) for high  transform (STFT) + Machine
Learning (ML) [35]

Proposed

CSI-Based Method Metric

Weak-Moderate-derivative

Good-depends on ML training

Load-change

reacts to load steps Moderate-HRF-oriented quality Excellent immunity
Weak - poor small-signal Very strong - explicit HRF Strong - CSI HIF / HRF detection
poor sm g y § - exp Not HIF-focused magnitude- s
sensitivity detection . capability
independent
Very fast (few ms) Tens of ms Low-ms range Fa?i -me)ms Detection time
Low-Moderate High - wavelgt +SVD Moderate - high sampling for Low - only two Sensor/n_rleasurement
processing STFT current sensors requirements
. Medium- Communication
Low Low-Medium Low centralized IED needs
Applicability across
Moderate Moderate Good Exc.ellent voltage DC microgrid voltage
independent
levels
Best balance of
Fast but limited Very good for HRF Good scalability + Overall
robustness +
simplicity

5 Results

The proposed protection scheme was rigorously evaluated on
the 48V DC microgrid architecture illustrated in Figure 3, with
system specifications detailed in Table 3. Through
comprehensive MATLAB/Simulink simulations, the following
test scenarios were executed:

Table 3. DC microgrid components and parameters.

48V DC System Voltage
3.5kw Base power
48V,50 ah Battery
4 kW Battery DC-DC converter
Vip = 547V, 1,
—'558 AatSTC Solar panel
4 kW PV converter
4 KW VSC connect?ng to utility
grid
base transceiver station Load
load, 3.5 kW
0-20Q Fault resistance
25 mF DC link capacitor

5.1 Fault detection and protection decision

The protection system was tested with a 0.8 Q pole-to-ground
fault applied to line bc for 100 ms, as illustrated in Figure 5.
Current measurements and their derivatives from both ends of
the line (Figure 7(a)-(d)) showed positive rates of change

(di/dt) with synchronized increasing trends. The CSI calculated
from these measurements yielded a value of +1 (Figure 7(e)),
confirming an internal fault condition as specified by Equation
(14). Upon fault identification, the IED issued tripping
commands to the circuit breakers at both terminals of line bc.

The protection system responded within 2ms, successfully
isolating the faulted section. The consistent directional
relationship between current derivatives at the two-line ends-
evident in their matching polarity and magnitude profiles in
Figure 7 validates the algorithm's ability to distinguish internal
faults from external disturbances. This result demonstrates the
scheme's reliability in detecting internal faults while
maintaining the rapid response required for DC microgrid
protection.

Similarly, we investigate an external fault F, (Figure 5). This
pole-to-ground fault is simulated with a resistance of 0.8 Q and
a duration of 100 ms in the ab line. The values of the measured
currents and their change rates from both sides of the bc line
are shown in Figure 8(a)-(d), respectively. Given that the
current change averages on both sides of the line are in the
opposite direction, Using Equation (14), the calculated CSI
value is -1, indicating the occurrence of an external fault (As
shown in Figure 8(e)). Thus, the IED sends a functional
command to the circuit breaker of the line bc circuit.
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Figure 7. Internal fault F; in the bc line. (a); (b): Values of currents on sides b and c. (c); (d): Change rate of currents.

(e): CSI obtained.
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The performance of the presented method for sudden changes
is also investigated. The algorithm maintained stability during
extreme load fluctuations (86.3%-115.9% of nominal 3G
telecommunication post load), consistently generating
CSI = —1 outputs (Figure 9). This confirms reliable
discrimination between actual faults and normal load
transients.

In the following, the functional protection for temporary faults
will be discussed. F; (Figure 5) is a pole-to-ground fault with a
resistance of 0.8  and is simulated as a transient fault with a
duration of 1ms in line bc. The values of the measured currents
and their change rates from both sides of the line are shown in
Figure 10(a)-(d), respectively. Given that the current change
averages on both sides of the line are positive, using Equation
(14), the calculated CSI value is +1, indicating the occurrence of
an internal fault (As shown in Figure 10(e)). Thus, the IED sends
a functional command to the circuit breakers of the bc line.
Then, once 1ms passes, the command to reconnect is sent to the
circuit breakers of the bc line, and after re-checking the
received parameters of the network, and if the fault persists, a
functional command is sent to the circuit breakers of the bc line.
Otherwise, this functional command is not sent to circuit
breakers.

5.2 Fault detection in loads, pv array, battery and
protection decision

To investigate the protection performance of a low impedance
fault F3, we investigate Figure 5. This pole-to-ground fault is
simulated for 0.1 seconds in busbar c, where the loads are
located. The calculated CSI in the lines yields a value of -1, as
shown in Figure 11(a). According to the investigation, the
currents passing through the cb and ce sensors exceed the
threshold of the currents, indicating the presence of a fault.
Then, the IED sends the functional command to circuit breakers
cb and ce, as shown in Figure 11(b), (c).

5.3 Performance during equipment failure and
communication link failure

The proposed protection scheme maintains reliable operation
even during partial system failures. When one or two-line
sensors or their communication links fail, the method preserves
both decision accuracy and proper selectivity. This resilience is
achieved through the central IED's comprehensive data
integration capability, which reconstructs missing sensor data
by applying Kirchhoff's Current Law (KCL) to measurements
from adjacent line sensors.

Furthermore, the system demonstrates fault tolerance for
breaker operation failures. If a line circuit breaker or its
communication link fails to respond to IED commands - despite
receiving both the activation signal and valid current
measurements from line sensors-the IED automatically
redirects the tripping command to adjacent line breakers. This
redundant protection mechanism ensures continuous fault
isolation capability even during equipment malfunctions.

In line with IEC 61850 concepts of dependability and security
in protection systems, the centralized IED also handles
communication issues gracefully. The CSI-based algorithm does
not rely on strict real-time synchronization between feeders, so
short delays or temporary drops in data do not affect decision-
making. If a communication link or sensor channel becomes
unavailable, the IED simply marks that channel as out of service
while continuing normal protection for all remaining feeders.
This localized handling ensures that a single failure-whether a
sensor, breaker, or communication link-does not compromise
system-wide protection. Overall, the behavior of the scheme
aligns with the IEC 61850 philosophy: faults are contained,
protection remains available, and the system continues
operating securely even when individual components fail.

6 Conclusion

This study presents a novel protection scheme for centralized
DC microgrids in BTS applications. The proposed method
detects internal faults by analyzing the similarity in current
rate-of-change measurements from both terminals of each line
segment. Comprehensive evaluation demonstrates the
scheme's effectiveness in: (1) high-impedance fault detection,
(2) permanent versus transient fault discrimination, and (3)
reliable protection of critical components including loads, PV
arrays, and battery systems. The design maintains functionality
even during sensor or circuit breaker failures, demonstrating
robust fault tolerance.

Unlike conventional approaches requiring extensive voltage
and current monitoring infrastructure, our solution offers a
cost-effective alternative utilizing just one centralized IED per
microgrid with only two current sensors per line segment (one
at each terminal). MATLAB/Simulink simulations validate the
scheme's performance for both internal and external fault
scenarios, confirming its operational reliability under various
grid conditions.
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Figure 9. CSI obtained for sudden load change.
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